An investigation into the genetic structure of Prochlorococcus picophytoplankton in depth profiles from the Sargasso Sea and the Gulf Stream revealed a high degree of genetic heterogeneity within local populations. Partial sequencing of cloned polymerase chain reaction products amplified from flow cytometrically sorted cells was used to identify 6-21 different Prochlorococcus petB/D alleles recovered from each of eight sorted samples, with 68 alleles identified among 187 clones in the combined data set. Rarefaction analyses indicated that many additional unsampled alleles were present at each level of sample aggregation. Overlapping sets of alleles were recovered from Prochlorococcus populations in the two water columns, from different depths within each water column, and from flow cytometrically distinguishable subpopulations sorted from the same water sample, suggesting that each of these populations drew their membership from a single gene pool. Consistent with results of autecological studies, members of a high-light-adapted Prochlorococcus clade predominated in clone libraries from surface waters. It thus appears that wild Prochlorococcus populations consist of individuals drawn from a variety of evolutionary lineages and that populations at different depths and in two distinct hydrographic rcgimcs recruit their members from the same gene pool. Natural selection favors the predominance of high-light-adapted genotypes in near-surface populations drawn from this gene pool.
An understanding of the genetic structure of phytoplankton populations is necessary to model growth, carbon fixation, and other ecological processes. Genetically homogeneous (clonal) populations respond to changing environmental conditions by simple physiological acclimation, whereas populations comprised of cells arising from different lineages respond by a combination of physiological acclimation and changes in the dominance of subpopulations (Wood 1988; Wood and Leatham 1992) . Thus, homogenous populations may be modeled as if they were large cultures, but genetically diverse populations require conceptualizations that account for subpopulations that may differ in growth rates, competitive strategies, and susceptibility to viruses and predation.
The marine cyanobacterium Prochlorococcus provides an excellent model system for studying genetic diversity in prokaryotic picoplankton populations. It is widely distributed and abundant in the world's oceans (Chisholm et al. 1988; Vaulot et al. 1990; Campbell et al. 1994 ) and easily identified in situ using flow cytometry (Chisholm et al. 1988; Frankel et al. 1996) . More importantly, it is easily sorted from the other phytoplankton using flow cytometry so that the genetic structure of the population can be analyzed directly. Prochlorococcus is found throughout the euphotic zone and numerically dominates the picophytoplankton in I Present address: Department of Microbiology, Nash Hall, Oregon State University, Corvallis, Oregon 97331. oligotrophic subsurface chlorophyll maxima (SCMs) during seasonal stratification. SCM population densities often exceed 10" ml-l (Li and Wood. 1988; Olson et al. 1990; Campbell and Vaulot 1993) .
Prochlorococcus is recognized by its small size (0.6-0.8 pm) and unique set of photosynthetic pigments, which include divinyl chlorophylls a and b (8-vinyl chlorophylls a and b, chl a2 and chl b,), carotenoids and a chl c-like pigment (Chisholm et al. 1992) . Laboratory studies have characterized physiological and pigment differences that distinguish cultures of Prochlorococcus isolated from different depths and locations (Morel et al. 1993; Partensky et al. 1993; Moore et al. 1995; Shimada et al. 1996) . The isolates differ in their growth rate responses to varying levels of illumination, suggesting that some genetic variants may have relatively greater growth rates in brightly lit surface waters, and others may have growth advantages at dimly lit depths Moore et al. 1995) . Prochlorococcus strains able to grow under extremely low light intensities (2-6 PE m-2 s-l) contain relatively high ratios of total chl b to chl a2 (chl b/a, ratios) when grown over a range of light intensities. Conversely, isolates adapted to high light (able to grow at intensities >lOO ,uE rnd2 s-l) exhibit low chl bl a2 ratios. In other words, although each of these physiological types photoacclimates to different light intensities, causing changes in their chl b/a, ratios, the different cultures acclimate over different ranges of chl b/a, ratios Moore et al. 1995 Moore et al. , 1998 .
Results of field studies using flow cytometry and laboratory studies using cultures are consistent with the possibility that natural populations of Prochlorococcus are genetically heterogeneous. Flow cytometry of field samples from the Pacific, the Red Sea, and the Sargasso Sea have occasionally identified "multiple populations," consisting of discrete distributions of chlorophyll autofluorescence and light scatter from individual cells (Veldhuis and Kraay 1990; Campbell and Vaulot 1993; Moore et al. 1998 ; B. Binder, R. Olson, J. Dusenberry, and E. Zettler unpubl. data). We have recently demonstrated (Moore et al. 1998 ) that these dual populations contain physiologically and genetically distinct types of Prochlorococcus that have different growth responses over a range of light intensities, at least in the Sargasso Sea and Gulf Stream. Similarly, genetic and pigment diversity have been demonstrated for Synechococcus populations by a study comparing 15 strains isolated from surface and deep samples in the California Current (Toledo and Palenik 1997) . Although these studies established the coexistence of multiple genotypes in marine prokaryotic picophytoplankton populations, they did not attempt to assess the number of genotypes present in natural populations, which was a goal of the study presented here.
Data consistent with the possibility of genetic heterogeneity within Prochlorococcus populations at discrete depths have also come from molecular cloning analyses (Giovannoni et al. 1990; Britschgi and Giovannoni 1991; Schmidt et al. 1991; DeLong et al. 1993; Fuhrman et al. 1993; Palenik 1994) . Investigations in which 16s ribosomal RNA (rRNA) gene sequences were cloned from uncharacterized marine picoplankton have recovered a number of sequences that fall into the marine picophytoplankton cluster. Although some of these sequences (e.g., SAR6 and SAR139) can be phylogenetically linked to cultured Prochlorococcus or marine Synechococcus, others (e.g., SAR7) form deep branches that are not robustly affiliated with either taxon and so cannot be identified as Prochlorococcus or Synechococcus with the data at hand (Urbach et al. 1992 (Urbach et al. , 1998 . Similarly, a library of rpoC sequences cloned from organisms from the Sargasso Sea contained several genetic variants (Palenik log FALS log FALS 0.57 pm beads 1 Fig. 2 . Contour plots for flow cytometric distributions of Pruchlorococcus sorted from Sargasso Sea (a-c) and Gulf Stream (d, e) field samples. Sorted (sub)populations used for genetic analysis are outlined. To minimize the possibility of contamination, standard beads were not added to samples used for sorting; distributions (e) and (f) are from reference samples. 1994), but many of these cannot confidently be assigned to either genus. To assess the genetic structure of Prochlorococcus populations, therefore, it is necessary to physically separate Prochlorococcus from other members of the community.
Here, we report the results of a direct genetic analysis of Prochlorococcus populations using cells sorted from natural samples by flow cytometry as starting material. Genotypes were sampled from sorted Prochlorococcus by polymerase chain reaction (PCR) amplification of the petBID locus, which includes partial coding sequences for cytochrome b and subunit 1V of the photosynthetic b6f complex and the noncoding intergenic region between them (Urbach et al. Mismatch frequency (mismatch/nucleotide) Fig. 3 . Data used to determine the 3.5% sequence mismatch criterion for discriminating alleles within groups of sequences with similar intergenic regions. The relative frequency of third codon position mismatches (R = the number of mismatches at third codon positions divided by the number of coding region nucleotidcs) was plotted versus total nucleotide mismatch frequency (considering both coding and intergenic regions) for 80 pairwise sequence comparisons among clones with alignable intergenic regions. Error bars encompass 95% confidence intervals about the mean for R values to the left and to the right of the 3.5% mismatch criterion (solid line). The criterion was set to the maximum value of the difference between average R values to the right and to the left, of hypothetical criteria placed along the length of the mismatch frequency axis, between theoretical bounds. Theoretical bounds (dashed lines) were calculated from literature estimates of PCR error rates and ad hoc estimates of sequence determination error rates. Data points for mismatch frequencies below 0.01 were omitted. 1998). The p&B/D locus evolves more rapidly than the rRNA sequences more commonly used for environmental clone libraries and thus can reveal genetic diversity among closely related organisms that exhibit few differences in 16s rRNA sequence. Similarly, rapid length and sequence variation in the noncoding petBID intergenic region allows discrimination among alleles from closely related individuals that might be more difficult to distinguish using uninterrupted loci such as rpoC. The genetic composition of eight sorted populations from different sites, different depths, and flow cytometrically distinct populations in the same sample were compared using a total of 191 cloned petBID sequences.
Methods
Sampling and flow cytometric sorting-Prochlorococcus were collected from depth profiles in the Sargasso Sea (40 m, 70 m, and 120 m, 33"58.65'N, 66"6.63'W, 10:00 local time, 11 July 1993) and the Gulf Stream (50 m, 85 m, and 135 m, 37"30.68'N, 68"13.69 'W, OS:00 local time, 17 July 1993) during cruise 9306 of RV Columbus Iselin. Samples were collected using Niskin (30 liter) or Go-F10 (10 or 30 liter) bottles. Temperature and in vivo chlorophyll fluorescence measurements were made using a SeaBird CTD attached to the sampling rosette.
Subsamples (300-750 ml) were concentrated to approximately 7 ml over 0.45-pm Durapore filters (Millipore) under light vacuum (125 mmHg), and cells adhering to the filter were resuspended by vigorous pipetting. Recovery of Prochlorococcus cells as measured by flow cytometry in similar concentrates was approximately 50%. Concentrates were immediately sorted by flow cytometry aboard ship using an Epics V flow cytometer (Coulter Electronics) or frozen in liquid nitrogen for sorting in the laboratory using an EPICS 753. Wallner et al. (1997) demonstrated successful PCR amplification of gene fragments from flow-sorted microbial cells. Frozen cells were sorted over a period of about 20 min immediately after thawing to avoid loss of autofluorescence, which can start to occur at about 30 min (Vaulot and Xiuren 1988) . Prochlorococcus populations were flow cytometritally defined according to their red fluorescence (660-700 nm) in the absence of orange fluorescence (540-630 nm) and by their characteristic forward light scatter (relative to 0.57-pm beads) when illuminated by blue laser light (488 nm) (Chisholni et al. 1988) . Bitmap sort windows were drawn to separate Prochlorococcus from other constituents of the photosynthetic planktonic community when Prochlorococcus populations were unimodal and to isolate members of flow cytometric subpopulations when multiple populations were observed. Cells exhibiting phycoerythrin autofluorescence (540-630 nm), characteristic of marine Synechococcus, were rejected during sorting. Approximately 10" Prochlorococcus cells were collected in each sorted sample.
Red fluorescence signals of the dimly fluorescing cells in the 40-m Sargasso Sea sample (processed in the laboratory) were enhanced by increasing the laser power to 1.2 W and PMT voltage to 1,500 V, increasing the population's average fluorescence relative to the red fluorescence axis. Other samples (processed at sea) were processed using laser power of 1 .O W and a PMT voltage of 1,100 V.
Construction of petB/D clone libraries-Crude
DNA extracts were prepared from sorted cells according to the modified Li protocol (Li et al. 1991; Urbach et al. 1998) . DNA extracts were stored as ethanol precipitates at -20°C.
Portions of the petB and D genes and their intergenic region were amplified from crude DNA preparations using degenerate oligonucleotide primers as described previously (Urbach et al. 1998) , except that thermal cycle parameters were 2 min at 94°C (initial denaturation), followed by 1 min at 94"C, 1 min at 47"C, and 1 min at 72°C (5 cycles), 1 min at 94"C, 1 min at 52"C, and 1 min at 72°C (10 cycles), 1 min at 94"C, 1 min at 57"C, and 1 min at 72°C (25 cycles), and 10 min at 72°C. PCR products from pairs of replicate reactions were pooled and separated by electrophoresis in I % agarose gels. Products in the 400-800-base pair region were excised and purified with GeneClean (Bio 101). A portion (l/30 to l/1,000) of each pooled primary amplification product was reamplified for 30 cycles of I min at 94"C, 1 min at 57"C, and 1 min at 72"C, followed by 10 mm at 72"C, in reaction cocktail with 5 U Taq polymerase added during the first 57°C incubation. Control reactions lacking template DNA did not produce amplification products for either primary amplifications or reamplifications, as determined by examining the agarose gels.
Pooled reamplification products from pairs of replicate reactions were excised from 1% agarose gels and purified with GeneClean, and half to all of each product was inserted into the vector pCRI1 (TA Cloning Kit, Invitrogen) according to the manufacturer's instructions. OneShot competent cells (Invitrogen) were transformed using half of each ligation mixture. Both white and blue colonies were picked from LB plates (0.5% tryptone, 1% yeast extract, 0.5% NaCl, 1.5% Bacto-agar) containing 40 /-Lg ml-l X-gal and 50 ,ug ml-I of either ampicillin or kanamycin. Plasmid DNA was purified by InstaPrep (5prime-3prime) or standard alkaline lysis Table 2 . Pairwise comparison of prototype sequences for alleles with alignable intergenic regions. Mismatch frequencies for all sequence positions, including intergenic regions (X 1,000, below diagonals) and fraction of sequence mismatch located at third codon positions (third position mismatch frequency/3 X all codon position mismatch frequency, for coding regions only) (X 100, above diagonals). 
Urbach and Chisholm
ATTTCAGGCCCTTTAT~cTcTTATAcTT~cc~TAcTAGTTcTcCAT
Intergenic region sequences for 71 petBID alleles recovered from the Sargasso Sea and Gulf Stream field samples, cultured Prochlorococcus strains CCMP1375, CCMP1378, NATL2A, MIT91 07, and MIT9303 (GenBank accession numbers AF001487-AF001491), Synechococcus strains WH8103 (AFOO1492) and PCC7002 (X63049), cyanobacteria Prochlorothrix hollandica (X60313) and Nostoc PCC7906 (JO3967), and chloroplasts from Chlorella protothecoides (X15244), Marchantia polymorpha (X04465), and Zea maize (X86563). A portion of the sequence alignment is shown, with the final six codons of petB at left and the initial eight codons of petD at right. Intergenic region sequences are arbitrarily represented as contiguous with petB, with alignment gaps inserted between the end of most intergenic region sequences and the beginning of petD. Intergenic region sequences for P. hollandica, Nostoc PCC7906, C. protothecoides, M. polymorpha, and 2. maize are truncated. Designations on nucleotide lines are clone names. Allele designations are indicated on the translation lines. (Sambrook et al. 1989 ). Clones containing 400-800-base pair inserts, as judged from EcoRI restriction digests, were chosen for sequence analysis.
DNA sequencing and database entry-Double-stranded plasmids containing PCR fragment inserts in random orientation were sequenced using Sequenase version 2.0 (U.S. Biologicals) and primer PTASP6 (5'-GATCCACTAG-TAACGGCCG), complementary to vector flanking the pCRII cloning site. DNA sequences were entered into an alignment editor (Olsen 1990 ) and aligned with a petBID sequence database according to conserved regions in the amino acid sequence (Widger and Cramer 199 1; Greer and Golden 1992) . To obtain sequences across the intergenic region for all alleles recovered, clones that gave sequence at the 5' end of the amplified fragment and did not match sequences already in the database were sequenced from the opposite side of the pCRI1 cloning site using PTAT7 (5'-GAGCGGCCGCCAGTGTGA), which is closer to the intergenie region in these clones. This procedure yielded some sequences spanning the entire length of the cloned fragment, but other sequences covered only portions of the 3' end of petB, the intergenic region, and the 5' end of petD. Sequences were determined in a single run and in one direction only (Adams et al. 1992 ) and ranged from 71 to 562 base pairs in length. Clones with sequences that did not align withpetB or D were eliminated from the analysis.
Allele identiJication-Alleles were identified according to a two step process that employed both qualitative and quantitative criteria to distinguish genetic variation from sequence differences that may have been caused by PCR and sequence determination errors.
In the initial, qualitative step, sequence alignments were scanned by eye to identify sets of clones with mutually unalignable intergenic regions. Differences among these sets of Alle61 s120 51 Alle62
clones were deemed qualitatively different from PCR and sequence determination errors and thus attributable to genetic differences.
In the second, quantitative step, clones with similar intergenie regions were compared to identify a mismatch frequency criterion marking the upper limit for differences indistinguishable from PCR and sequence determination errors, The criterion was then used to subdivide groups of clones with alignable intergenic regions. Sequence differences introduced by PCR and sequence determination error should be randomly distributed with respect to codon position, but third codon position mismatches are expected to predominate in comparisons among true alleles because third codon position substitutions frequently do not result in amino acid replacements and are therefore neutral with respect to natural selection. The criterion chosen divides the pairwise sequence comparisons into the two subsets with the greatest difference in their mean relative third codon position mismatch frequencies. Data points falling within theoretical limits bounded by estimates of error rates for 7"q polymerase (1 .O X 10d5 to 1.6 X 10 -4 errors nucleotide -I cycle-l, calculated from data of Dunning et al. 1988; Goodenow et al. 1989; Eckert and Kunkel 1991) and sequence determination (estimated ad hoc as 0.0-5.0 X 10m3 errors nucleotide-*) were considered in the analysis (Urbach 1995). Mismatch frequencies below the criterion were deemed indistinguishable from PCR and sequence determination errors. Groups of clones with mismatch frequencies below the criterion were therefore treated as representatives of the same allele. Clones with mismatch frequencies above the criterion were assigned to different alleles.
Sequence comparisons-Fractional sequence mismatch values were computed using the computer program of Olsen (1990) or the PHYLIP version 3.5 DNADIST program (Felsenstein 1993) , with no correction for superimposed substitutions. The phylogenetic tree was inferred using the PHY-LIP neighbor-joining program and Kimura two-parameter genetic distances (2 : I transition : transversion ratio, Kimura 1980) . Bootstrap values were calculated from 100 resampled data sets using neighbor joining and the maximum parsimony algorithm implemented by PHYLIP's DNAPARS program. To minimize effects of sequence determination and PCR errors, alignment gaps were omitted from sequence comparisons.
Values for E(S,,), estimates of the number of alleles (S) in 
a random subsample of n clones (Hurlbert 1971) , were calculated using COMPAH90 (E. D. Gallagher pers. comm.).
Allele prototype sequences have been deposited in GenBank under accession numbers AF070125-AF070222.
Results
Characteristics of sampling sites and Jaw cytometric signatures-The Sargasso Sea sampling site exhibited a typical summer hydrographic profile, with a chlorophyll-poor mixed upper layer overlying thermally stratified waters and a pronounced SCM (as indicated by in vivo chlorophyll fluorescence measurements) at 70 m. The Gulf Stream profile was more complex, with relatively low concentrations of chlorophyll at the surface and a pair of SCMs at 85 m and 150 m (Fig. 1 ). Samples were collected at depths predicted to contain the most different Prochlorococcus populations, avoiding samples at the immediate surface, where Prochlorococcus are difficult to detect using the sorting flow cell. Sargasso Sea samples were collected at 40 m and 70 m (the SCM) and below the SCM at 120 m. Gulf Stream samples were collected at 50 m and 85 m (the shallower SCM) and at 135 m, between the two SCMs (Fig. 1) .
Flow cytometric characteristics of Prochlorococcus populations resembled patterns familiar from previous investigations (Olson et al. 1990; Campbell and Vaulot 1993; Veldhuis and Kraay 1993) ; at each depth in the Sargasso Sea they formed a single cluster on two-dimensional scatter plots of chlorophyll fluorescence versus forward angle light scatter for individual cells. In the Gulf Stream, the Prochlorococcus surface population again showed a unimodal distribution, but Prochlorococcus at 85 m and 135 m were double ("multiple") populations (Fig. 2) . Cell densities for Prochlorococcus were approximately loo-fold greater than those for marine Synechococcus in all samples (data not shown).
Sequence diversity in the combined dataset-Eight clone libraries were constructed and analyzed: four from unimodal populations at 40 m, 70 m, and 120 m in the Sargasso Sea and at 50 m in the Gulf Stream and two each from double populations at 85 m and 135 m in the Gulf Stream (Fig. 2) . The combined data set for the eight clone libraries included 191 clones with inserts homologous to petBID.
Among the 191 clones, 7 1 alleles were identified as sets of effectively identical sequences, within which sequence differences could not be distinguished from PCR and sequence determination errors ( (Table 3) . Phylogenetic relationships were inferred by neighbor joining using 246 nuclcotides at the first two codon positions of petB and petD. Numbers appearing within the phylogenetic framework arc bootstrap proportions inferred for 100 resampled data sets by neighbor joining (upper numbers) and parsimony (lower numbers). mutually unalignable intergenic regions. Within these groups, evaluation of the pattern of relative third codon position mismatch frequencies was used to identify a criterion, 3.5% mismatch, marking a transition from randomly located sequence differences at low mismatch frequencies to a predominance of third codon position differences at higher mismatch frequencies (Fig. 3) . The 3.5% mismatch criterion was used to subdivide three groups of clones within which intergenic regions could be aligned, adding 12 additional alleles to the data set (Table 2 ). In comparisons of prototype sequences within groups of alleles with alignable intergenic regions, an average of 82% of sequence mismatches occurred at third codon positions, significantly different from expectations for random errors.
Translations of prototype sequences were similar to b,J complex cytochrome b and subunit IV sequences already in the database, Phylogenetically conserved histidines were encoded at positions 186 and 201 (Synechococcus PCC7002 amino acid numbering) (Carter et al. 198 1; Widger and Cramer 1991; Hope 1993) in alleles for which sequence was determined in this region.
The majority of sequence differences among alleles were located at evolutionarily unconstrained sites, indicating that alleles differ for the most part due to evolutionary processes. Alleles differed most strikingly in the intergenic region, which varied from 18 to 9 1 nucleotides in length (Fig. 4) .
In coding regions, the mostly silent third codon positions differed by 51.4% t 9.5% compared with 10.8% ?I 6.8% for the more highly conserved first two codon positions and 24.1% t 4.9% for coding regions overall. Thus, although some prototype sequences undoubtedly contain errors, the alleles differ mostly as expected for sequences subject to natural selection and serve the purpose of identifying genotypes present in the natural populations.
Phylogenetic aflnities of the cloned sequences-Neighbor-joining analysis including seven of the longest prototype sequences revealed that most alleles belong to the marine picophytoplankton clade (Fig. 5) . Phylogenetic affiliations of alleles not included in the neighbor-joining tree (because of short sequences) were assessed by comparison of mismatch frequencies between these sequences and sequences used to infer the tree (Table 3) . With the exception of chloroplastlike alleles 24 and 40, alleles not included in the tree were more similar to at least one member of the marine picophytoplankton clade than to sequences outside the cluster.
Alleles from flow-sorted Prochlorococcus were found throughout the marine picophytoplankton clade, even in apparent association with Synechococcus WH8 103. We believe the vast majority of these sequences derived from correctly sorted Prochlorococcus and not from missorted Synechococcus for the following reasons. First, cultured Prochloro- Table 3 . Mismatch frequencies at first two codon positions (X 1,000) for alleles not included in the phylogenetic tree (Fig. 5) Allele 6   2  3  4  5  7  8  9  11  13  14  15  16  17  19  21  22  24  25  26  27  28  29  30  31  32  33  35  36  37  38  39  40  41  42  43  44  45  46  48  50  51  52  54  56  57  58  59  60  61  62  63  64  65  66  67   186  159  215  238  228  I66  102  122  57  89  195  195  86  69  129  222  240  51  102  120  38  44  122  143  116  111  105  107  98  52  167  198  179  166  69  235  136  116  221  192  75  57  83  89  105  48  204  178  40  78  212  97  221  222  113 Table 3 . Extended.
coccus and Synechococcus do not form unitary chl b-and phycobilisome-containing clades in phylogenetic trees inferred from 16s rRNA, psbB, or petBID sequences (Urbath et al. 1998) . In these analyses, each genus forms multiple lineages that are interspersed within the marine picophytoplankton radiation, similar to the disposition of petBl D alleles cloned from flow-sorted Prochlorococcus populations. Second, a cultured Prochlorococcus isolate, MIT9303, branched within the clade that included several flow-sorted alleles and Synechococcus WH8 103 (Fig. 5) . Prochlorococcus MIT9303 was 96% identical to allele 6 over 501 nucleotide positions (including intergenic region sequences) and 99% identical at the first two codon positions (including 153 nucleotide positions). Thus, the branching of cloned alleles within the Synechococcus WH8 103 and Prochlorococcus MIT9303 clade is not evidence that they derived from phycobilisome-containing cells; they could have derived from either Synechococcus or Prochlorococcus. Finally, there was a loo-fold excess of Prochlorococcus cells relative to Synechococcus in the Sargasso Sea and Gulf Stream water samples before flow sorting. Assuming that cell sorting improved the ratio of Prochlorococcus to Synechococcus by even a factor of lox, the result should have been less than one Synechococcus allele in a 191-clone sample (on average), assuming PCR amplification and cloning biases on the order of I 102. Because Prochlorococcus and Synechococcus do not form separate clades in phylogenetic analyses, it is impossible to definitively demonstrate that all of the clones in the data set derive from Prochlorococcus. However, despite the possibility that some sequences may have originated in missorted Synechococcus, it is difficult to envision a significant number of Synechococcus alleles contributing to the clone library data sets.
Three alleles, numbers 20, 24, and 40, do not cluster within the marine picophytoplankton clade but instead form a phylogenetic group with the plastid from the diatom Odontella sinensis (Fig. 5, Table 3 ). These alleles may have originated in plastids of diatoms, which were probably present at the Gulf Stream and Sargasso Sea stations. Liberated plastids lacking phycoerythrin would match the flow cytometric definition of Prochlorococcus used for cell sorting and could therefore have been included in the sorted samples without machine error. The 3 chloroplast-like alleles were omitted from the population genetic analysis, leaving 68 Prochlorococcus alleles in the data set.
Chimeric molecules formed during PCR amplification have been identified as a source of error in 16s rRNA environmental clone libraries (Liesack et al. 199 .1). However, chimeras are not likely to have contributed to the genetic diversity observed in this study. Chimeric PCR products probably form by premature dissociation of product and template molecules during DNA polymerization, followed by annealing of incomplete product molecules to heterologous templates and then completion of the product molecules by DNA polymerase (Wang and Wang 1996) . This process is unlikely to occur in mixed-allele petBID amplifications because the heterologous PCR product molecules are highly divergent and unlikely to anneal. The level of genetic diversity detected in these clone libraries is therefore unlikely to have been significantly inflated by the formation of chimeras during PCR.
Allele counts for Prochlorococcus in sorted samplesClone libraries constructed from the eight sorted samples contained between 19 and 28 Prochlorococcus petBID clones, which fell into 6-21 allele groupings for each sorted sample (Table 1) . Using the method of Hurlbert (1971) to correct for the unequal number of clones analyzed from the different libraries, the number of alleles that would be present in a constant sample size of 19 clones per library was estimated to vary between 5.2 and 16.8 alleles per sorted sample (Table 1) .
To assess the completeness of sampling for genetic diversity, rarefaction curves were generated for each sorted sample and for lumped data sets containing both members of flow cytometric double populations, entire water columns, or the entire data set (Fig. 6 ). For a sample that contains a good representation of the genetic diversity in its parent population, the slope of E(S,,) (the estimated number of genetic variants for subsample size n) versus n approaches zero as n approaches the sample size (Hurlbert 1971; Pielou 1975) . Curves for each of the eight sorted samples and for lumped samples showed upward trends of E(S,) with n and no indication of curve flattening. It is therefore apparent that many more genetic variants were present in the Sargasso Sea and Gulf Stream populations than were recovered in this study.
Distribution of alleles among sorted samples-Of the 68 Prochlorococcus alleles in the data set, only 16 were found more than once, with 12 appearing in more than one sample (Table 4) . Because rarefaction curves indicate that populations in the different sorted samples were not exhaustively sampled, the absence of shared alleles is not considered evidence of dissimilarity between samples. However, repeated occurrence of alleles in more than one library could either indicate convergence of gene sequences or a common origin for alleles found in the different libraries. Because convergence at third codon positions seems highly improbable, it appears that at least some of the genes in the sorted populations have common origins. The observations are thus consistent with the interpretation that the populations sampled were-drawn from a common gene pool. Of particular interest is the finding that 11 alleles were shared between the Gulf 50 100
No. of Clones Sampled (Fig. 6) . The set of alleles recovered from each water column is phylogenetically diverse within the marine picophytoplankton clade, with both Sargasso Sea and Gulf Stream water columns containing alleles that form phylogenetic clusters with distantly related cultures isolated from the Pacific (MIT9107) and the Atlantic (CCMP1375 and MIT9303) (cf. Table 1 , Fig. 6 , and Table 3 ). The structure of Prochlorococcus populations implied by these results is consistent with the findings of Selander et al. (1987) for the population genetics of Escherichia coli, in which most of the genetic diversity of the species is found within local populations and in which cell lineages are globally distributed. Significant levels of local genetic diversity have also been detected in natural populations of Burkholderia cepacia (Wise et al. 1995; Di Cello et al. 1997) , Rhizobium meliloti (Paffetti et al. 1996) , ammonia-oxidizing P-proteobacteria (Stephen et al. 1996) , and Xanthomonas axonopodis (Restrepo and Verdier 1997).
Further work with cultured isolates of Prochlorococcus is necessary to describe the correspondence between sequence divergences observed in this study and actual physiological differences between genotypes. Many of the petBID sequence variants observed in the Sargasso Sea and Gulf Stream populations may be selectively neutral and associated with cells having similar growth responses to light and temperature variations. However, there is reason to believe that at least some of the genotypic variation manifests itself as photoadaptive differences between cells. The oceanographic implications of this diversity are twofold. First, the physiological activities of Prochlorococcus in the water column are not simply described by the properties of one or a small number of cultures isolated from the same geographic area but by the combined activities of a phylogenetically diverse set of cells, some of which are similar to isolates from distant parts of the world. Like high and low chl b/a, ratio isolates SS 120 and Med4 (Moore et al. 1995) , these genetic variants may exhibit physiological differences that would give each a selective advantage under different environmental conditions. Second, changes in the collective physiology of Prochlorococcus populations over the annual cycle and with depth are likely to be due to shifts in their genetic composition, reflecting differences among the indigenous genetic variants in growth rates and susceptibility to viruses and predation and not simply the result of intracellular acclimative responses (Wood 1988; Wood and Leatham 1992) .
Gulf Stream and Sargasso Sea populations draw membership from a single diverse gene pool-Prochlorococcus populations recovered from the Gulf Stream and the Sargasso Sea water columns shared 11 of the 12 alleles that were found in more than one sorted sample (Table 4) , despite the large scale hydrographic differences that distinguish these two water bodies. The large number of these shared alleles suggests that Prochlorococcus populations in different hydrographic regimes may also consist of genotypes drawn from a diverse and widely disseminated gene pool. Consistent with this inference, the use of 16s rRNA sequence analysis has allowed identification of closely related strains from the Sargasso Sea and the Gulf Stream (Moore et al. 1998) . Similar overlapping sets of genotypes have been observed among Baltic Sea populations of the cyanobacterium Nodularia (Hayes and Barker 1997) . Prochlorococcus populations at different depths within each water column also contained overlapping sets of alleles, suggesting that these populations derived from a single gene pool.
The Prochlorococcus gene pool is highly diverse. Sixtyeight different alleles were identified in a combined data set of 187 Prochlorococcus petBID clones recovered from the Sargasso Sea and the Gulf Stream. Therefore, the gene pool from which these populations drew their members contained at least 68 genetic variants. The rarefaction curve for the combined data set (Fig. 6) shows an upward trend for in-creasing values of n, implying that the number of alleles in the gene pool is greatly in excess of 68. However, as a consequence of the shape of the rarefaction curve, it is not possible to estimate the actual number of alleles.
Subpopulations of flow cytometric multiple populations share alleles-Flow cytometrically defined subpopulations from two "double populations" recovered from the Gulf Stream exhibited overlapping sets of petBID alleles in our analysis, with the pair of subpopulations at 85 m sharing two alleles and the pair at 135 m sharing one. The overlapping alleles suggest that the populations may consist of genotypes drawn from a single diverse gene pool. At first glance, this result appears inconsistent with implications of a study comparing four cultured isolates obtained from flowsorted double populations from the Sargasso Sea and the Gulf Stream (Moore et al. 1998 ). This study showed that cultures derived from each of the paired populations were both physiologically and genetically distinct. Their light-dependent physiological characteristics were significantly different, and their 16s rRNA gene sequences placed them in different Prochlorococcus lineages. However, the cultured isolates used by Moore et al. did not represent the full diversity of the populations. Also, the sorted populations used in the present study may not have been completely differentiated in the sorting process, i.e., shared alleles may have resulted from the presence in either sort window of cells from the "tail" of the other subpopulation's distribution. Thus, continued investigation into the correspondence between genotype and phenotype in diverse isolates of Prochlorococcus and the distribution of different genotypes in multiple populations will be required to reconcile results of direct genetic analysis and culture studies.
High light-adapted Prochlorococcus clade members predominate in surface clone libraries-Genotype frequencies among PCR clones derived from natural populations using degenerate inosine-containing primers reflect both gene frequencies in the sample population and PCR amplification bias for or against specific alleles. Therefore, inferences of population gene frequencies from data sets such as the one at hand are speculative. With this caveat in mind, it bears mentioning that allele 1 and other high-light-adapted Prochlorococcus clade sequences predominate in clones recovered near the surface at both sampling sites (Fig. 7) . At depth, high-light-adapted Prochlorococcus sequences are present but do not predominate. Because high-performance liquid chromatography and flow cytometric studies indicate that surface waters under stratified conditions contain low chl b,l a2 ratios (Campbell and Vaulot 1993; Goericke and Repeta 1993) similar to those found in Prochlorococcus CCMP1378 (Goericke and Repeta 1993) and other high-light-adapted Prochlorococcus isolates, these results may be correlated. The results of this study are therefore consistent with the hypothesis that populations at different depths in stratified water columns draw their membership from a single gene pool but that population shifts during periods of stratification cause gene frequencies to vary at different depths, resulting in populations with different chl b/a, pigment ratios.
